and Pt(cppy)(DMSO)Cl (cppy = 9-carboxy-phenylpyridinate), respectively, have been prepared and their photo-hydrogen-evolving activities have been evaluated in detail. The ineffectiveness of these systems as photo-hydrogen-evolving molecular devices are interpreted in terms of their negative driving forces for the photoinduced electron transfer from the triplet MLCT excited state of the Ru chromophore to the π*(ppy) orbital of the catalyst moiety.
Introduction
Visible light-induced water splitting into dihydrogen and dioxygen (2H 2 O + 4hν → 2H 2 + O 2 ) has attracted considerable attention towards the development of artificial photosynthesis generating renewable energy from sunlight. Around the beginning of 1980s, tris(2,2'-bipyridine)ruthenium(II) ([Ru(bpy) 3 ] 2+ ) was extensively investigated due to its potential application as a photosensitizer driving these water splitting reactions [1] [2] [3] [4] [5] [6] . In extended studies in this area, our group has made continuous efforts in the last two decades to better understand the hydrogen evolution reaction (HER) from water catalyzed by Pt(II)-based molecular catalysts by employing the so-called "three-component system", which consists of EDTA (ethylenediaminetetraacetic acid disodium salt) as a sacrificial electron donor, [Ru(bpy) 3 ] 2+ as a photosensitizer, and methyl viologen (N,N'-dimethyl-4,4'-bipyridinium, abbreviated as MV 2+ ); as an electron relay (Scheme 1) [7] [8] [9] [10] [11] [12] . with those of the dinuclear Pt(II) complexes [10] ; (iii) the Pt(II) compounds having electron acceptor ligands, e.g., those tethered to viologen type moieties, exhibit higher activity than those without such ligands, regardless of the Pt nuclearity [11] ; (iv) the catalytic activity is lowered when the axial sites of the Pt(II) coordination plane are sterically hindered with regard to the access of a hydrogen atom [10, 11] ; (v) the destabilization of the HOMO which often corresponds to the filled Pt(II) d z 2 orbital results in the catalytic enhancement [7] [8] [9] 12] . During the above studies, we were also successful in inventing the first active model of a 'photohydrogen-evolving' molecular device (A; R = COOH; see Scheme 2), which is capable of driving photoreduction of water by EDTA into H 2 as a single-molecular photocatalyst [13] . Some other examples of such hybrid molecules serving both as a photosensitizer and an H 2 -evolving catalyst were also reported by several other researchers [14] [15] [16] [17] [18] [19] [20] [21] . We further undertook extended studies on the Ru(II)Pt(II)-based photo-hydrogen-evolving molecular devices [22] [23] [24] , in which several important concepts have been developed as follows: (vi) the photoinduced HER driven by A was ascertained to proceed via a bimolecular pathway, which was suggested to involve the formation of a diplatinum intermediate [13, 22] ; (vii) the HER driven by A was shown to obey saturation kinetics as a function of the EDTA concentration, revealing that an ion-pair adduct of the dicationic A and the dianionic form of EDTA (dideprotonated form YH 2 2- , where EDTA = YH 4 ) is a key intermediate [22] ; (viii) it was also realized that the driving force for the photoinduced electron transfer from the 3 MLCT excited state of the [Ru(bpy) 2 (phen)] 2+ moiety to the π*(bpy) orbital attached to the Pt(II) ion, leading to the HER, can be rationally controlled by changing the substituent group R (see Scheme 2; A-C) [23, 24] . In order to improve the photocatalytic efficiency of these photo-hydrogen-evolving molecular devices, it is important for us to develop new systems by replacing the Pt(II)-based H 2 -evolving unit of A-C with a more highly active catalyst. In this context, we previously examined the H 2 -evolving activity of (2-phenylpyridinato)platinum(II), [Pt(ppy)Cl 2 ]
-(Hppy = 2-phenylpyridine), in the hope of destabilizing the Pt(II) d z 2 orbital by the ligation of a strong σ-donating carbanion ligand. This has a relevance to the above-mentioned structure-activity relationship (v) [12] . In the study, we ascertained that [Pt(ppy)Cl 2 ] -indeed exhibits higher H 2 -evolving activity in comparison with the Pt(bpy)Cl 2 derivatives. In this study, we have synthesized a new type of photo-hydrogen-evolving molecular device by replacing the Pt(bpy)Cl 2 moiety in A with a [Pt(ppy)Cl 2 ] -derivative (2) (Scheme 3). We have also prepared an analog of 2 (i.e., 3) in which one of the two chloride ions bound to the Pt(II) ion of 2 is replaced by a DMSO molecule; Pt(ppy)(DMSO)Cl (DMSO = dimethylsulfoxide). Although these systems have been found to be ineffective towards the HER as a single-molecular device, the present study further ascertains that the driving force for the intramolecular electron transfer must be accurately controlled in the development of such photosynthetic molecular devices. 
Results and Discussion

Syntheses
The new Ru(II)Pt(II) dimers 2 and 3 were prepared according to Scheme 4. In the first step, cisRuCl 2 (bpy) 2 was reacted with N-(1,10-phenanthrolin-5-yl)-4-(2-pyridyl)benzamide (HL) [25] in ethanol, giving complex ligand 1 in a high yield (85%). In this reaction, none of an undesirable ruthenium complex ligated with a phenylpyridinate chelate in HL was produced, which was confirmed by 1 H-NMR and ESI-TOF MS. In the second step, the monoruthenium precursor 1 was platinated by either (Bu 4 N) 2 
Spectroscopic study
The spectroscopic and photophysical data of 1-3 are listed in Table 1 . UV-visible absorption spectra of 1-3 in DMF are shown in Figure 1 . Each complex displays a strong absorption band in the visible region at ca. 450 nm, unambiguously assigned to the metal-to-ligand charge transfer (MLCT) transition, d(Ru) → π*(bpy). No significant difference is seen in the spectra of 1-3 at the π → π* transitions around 300 nm. On the other hand, the absorptivities of 2 and 3 around 300-400 nm are higher than that of 1, obviously due to the overlap of the MLCT band of the Pt(ppy)ClX moiety (X = Cl -or DMSO) at these wavelengths [12, 27, 28] . Figure 2 shows the steady-state emission spectra of 1-3, where the photon flux absorbed by each system is controlled as equal, by giving a common absorbance at the excitation wavelength. The luminescence intensity at ca. 610 nm for DMF solutions of 2 and 3 are similar to that of the precursor complex 1. The emission decay profiles of 1-3 in air at room temperature all show a good fit to a monoexponential function. The emission lifetimes of 2 and 3 are same as that of the precursor complex 1 (see Table 1 ), indicating that the triplet character of the [Ru(bpy) 2 
(phen)]
2+ unit in these Ru(II)Pt(II) dimers is preserved even after the platination. We recently pointed out that the platination-induced quenching ratio (the luminescence intensity ratio of the platinated product and the non-platinated precursor compound) is correlated with the photo-hydrogen-evolving activity of the molecular catalysts [10, [22] [23] [24] . These results suggest that the intramolecular electron or energy transfer is not enhanced at all in these new Ru(II)Pt(II) dimers 2 and 3, implying that desirable photoinduced intramolecular electron transfer leading to HER may not be enhanced in these systems.
Electrochemistry
The redox potentials for the electrochemical processes observed for 1-3 in either MeCN or DMF are summarized in Table 2 . The cyclic voltammograms for 1-3 are shown in Figure 3 . Upon platination of 1 into 3, the Ru(II)/Ru(III) couple is slightly shifted to the negative side (∆E 1/2 = -0.02 V), as previously observed for A-C [24] (see Table 2 ). On the other hand, the first reduction peak for 1-3 occurs at around -1.8 V vs. Fc/Fc + ( Table 2 ), indicating that the first reduction of 1-3 occurs at the bpy or phen coordinated to the Ru(II) ion. Importantly, our recent studies on the related Ru(II)Pt(II)-based molecular devices A-C revealed that the first reduction must occur at the bpy bound to the Pt(II) ion and must be positioned at a potential more positive than ca. -1.2 V vs. Fc/Fc + in order to serve as an active photo-hydrogen-evolving molecular device [24] . This was reasonably explained by comparing the driving forces for the intramolecular electron transfer from the [Ru*(bpy) 2 (phen)] 2+ moiety to the π*(bpy attached to Pt) orbitals. As summarized in Table 2 moiety to the π*(ppy attached to Pt) orbitals is not thermodynamically favorable. It must be noted here that the present study was originally started in our laboratory prior to our approach to A-C, and thereby we were not aware of the fact that the intramolecular electron transfer from the [Ru*(bpy) 2 (phen)] 2+ moiety to the π*(bpy or ppy attached to Pt) orbitals is a key factor to drive the photoinduced HER in these molecular devices. In other words, we decided to focus on the Pt(ppy)Cl 2 moiety merely to improve the H 2 -evolving activity of the catalyst center when we started working on this study. Using the observed electrochemical and spectroscopic parameters, the driving force (∆G 
where E ox is the first oxidation potential of the Ru center, E red is the first reduction potential of the ppy moiety bound to the Pt(II) ion, E T is the energy of the 3 MLCT exited state, ε is the dielectric constant of DMF, and d is the distance between the donor and acceptor. Since ε values are high for polar solvents like DMF, the last term is negligible. The value of E T is estimated from a tangent to the high-energy side of the emission spectra of 2 in DMF (2.31 eV) [30] . In addition, from the reported reduction potentials of the ppy in [Pt(ppy) 2+ moiety to the π*(ppy attached to Pt) orbitals in 2 can be estimated as 1.33 eV, revealing that this is an amazingly uphill process. This was an obviously unexpected result for us, and the present study reconfirms the importance of having a negative value of ∆G 0 ET to realize photo-hydrogen-evolving activity for such systems.
DFT studies
To better understand the electronic structures of the new Ru(II)Pt(II) dimers, the structures of the compounds were computed by the DFT method. First, the four possible conformers of 2 were developed and the structures in aqueous media (polarizable continuum model; PCM) were fully optimized at the B3LYP level of DFT (conformers 2a-d in Figure 4 ). The relative energies of structures 2a-d are listed in Table 3 , showing that the maximum shift is only 2.5 kcal/mol. For the conformer having the lowest energy (i.e., conformer 2a), some of the relevant frontier molecular orbitals are depicted in Figure 5 . The HOMO consists of p z (Cl), d xz (Pt), and π(ppy) orbitals, where the z axis is taken perpendicular to the Pt coordination plane and the x axis is take along the C(ppy)−Pt−Cl axis. These orbitals are coupled in such a manner that both the C(ppy)−Pt and Pt−Cl bonds bear the anti-bonding characters. The HOMO-2 corresponds to the d z 2(Pt) orbital, while the HOMO-1, HOMO-3, and HOMO-4 the d(Ru) orbitals. On the other hand, the major contributions to the four lowest unoccupied MOs (i.e., LUMO-LUMO+3) are either π*(bpy) or π*(phen) orbitals. The LUMO+4, which is ca. 0.47 eV higher in energy than the LUMO, is the first lowest unoccupied MO with a major contribution from the π*(ppy) orbitals. These confirm that the first reduction of 2 and 3 occurs at either bpy or phen rather than at ppy. Figure 5 . Frontier molecular orbitals of a fully optimized structure of conformer 2a for 2 in water, where the structure was computed at the B3LYP level of DFT using the LanL2DZ base set, using the PCM method.
Photolysis experiments
In order to evaluate the photo-hydrogen-evolving activity of the new Ru(II)Pt(II)-based compounds 2 and 3, the amounts of H 2 evolved during the photoirradiation of the compounds in aqueous media were monitored by gas chromatography under the experimental conditions same to those adopted in our previous studies on A-C [13, 24] . The pH of each solution was adjusted at 5.0 (acetate buffer) and EDTA was added as a sacrificial electron donor, as previously described. As discussed above, 2 and 3 do not drive the photoinduced HER at all (see Figure 6 , lines a,c). However, important observations are that an effective amount of H 2 evolves in the presence of methylviologen (MV 2+ ) (see Figure 6, 
Conclusions
The new heterodinuclear Ru(II)Pt(II) complexes 2 and 3 possessing Pt(ppy)ClX units have been synthesized and characterized. Unfortunately, these dimers do not exhibit catalytic activity as photohydrogen-evolving molecular devices in a single-component fashion due to the largely uphill character for the photoinduced electron transfer process. This study reconfirms the importance of controlling the driving force for the electron transfer from the photosensitizing center to the catalyst center to promote the HER within such a photosynthetic molecular device. We now realize that the molecular design strategy must, at the same time, fulfill two factors; one is to improve the H 2 -evolving activity of the Pt(II)-based moiety, while the other is to have at least one electron acceptor unit in the close vicinity of the catalyst center. Such attempts are now in progress in our laboratory.
Experimental
Materials and measurements
K 2 PtCl 4 was purchased from Tanaka Kikinzoku Kogyo and used as received. All solvents and reagents were of the highest qualities available and were used as received without further purification. N- (1,10-phenanthrolin-5-yl [33] , and cis-PtCl 2 (DMSO) 2 [34] were synthesized as previously described.
UV-visible spectra were recorded on a Shimadzu UV-2450 spectrophotometer. IR spectra were recorded on a Perkin Elmer Spectrum One equipped with a diamond ATR (attenuated total reflection) system. 1 H-NMR spectra were measured on a JEOL JNM-AL300 spectrometer. Luminescence spectra were recorded on a Shimadzu RF5300PC spectrofluorophotometer. Emission lifetime data were determined using a customized apparatus equipped with an Iwatsu DS-4262 digital oscilloscope and a Hamamatsu R928/C3830 photomultiplier tube coupled to a Horiba H-20-VIS grating monochromator. The excitation source was an N 2 laser (337 nm) (Usho KEN-1520). Electrochemical measurements were carried out in argon-purged acetonitrile (MeCN) or N,N-dimethylformamide (DMF) solutions at a sweep rate of 100 mVs -1 using a Pt disk working electrode, a Pt wire counter electrode, and an Ag wire reference electrode (490 mV vs. NHE). The supporting electrolyte was 0.1 M tetra(n-butyl)ammonium perchlorate (TBAP). ESI-TOF mass spectra (ESI-TOF MS) were recorded on a JEOL JMS-T100LC mass spectrometer. All the ESI-TOF MS measurements were performed in the positive-ion mode, at a cone voltage of 20 V, and the mobile phase was acetonitrile or methanol. Typically, a solution of each sample was introduced onto the spectrometer at a flow rate of 10 µL min -1 using a syringe pump.
DFT calculations
Density functional theory (DFT) calculations were performed using the Gaussian 03 package of programs [35] . The structure was fully optimized using the B3LYP method which uses hybrid Becke's three-parameter exchange functional [36] with the correlation energy functional of Lee, Yang and Parr [37] . Calculations were performed using the standard double-ζ type LanL2DZ basis set [38] [39] [40] implemented in Gaussian 03, without adding any extra polarization or diffuse function. All the calculations were performed using the polarizable continuum model (PCM) [41] to compute the structures in aqueous media. We experienced that the results obtained by the PCM method are clearly different from those obtained for the structures in their gaseous states, and is considered as more realistic with respect to the energy level of the molecular orbitals.
Photolysis experiments
Photochemical hydrogen production from water was analyzed using the automatic H 2 monitoring system developed in our group. In this system, a continuous flow of Ar (10.0 mL min -1 , controlled by an STEC SEC-E40/PAC-D2 digital mass flow controller) was bubbled through each photolysis solution (10 mL) contained in a Pyrex vial (ca. 20 mL). The vent gas from the vial was introduced into a 6-way valve which allowed the automatic injection of the sample gas onto a gas chromatograph (Shimadzu GC-14A equipped with a 5Å molecular sieve column of 2.5 m × 3 mm i.d., thermostatted at 30 °C). The injection of sample gas was driven by a control software operating on a Windows system. The signal output from the thermal conductivity detector was also monitored using the same software. Photolysis solutions were deaerated with Ar for at least 30 min prior to the photolysis. The photoirradiation was carried out by an Ushio Xe short arc lamp UXL500D-O (operated at 350 W). The photolysis vial was immersed in a water bath thermostatted at 20 °C to remove IR radiation and to eliminate the temperature effect. 
Syntheses
